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ABSTRACT

Russell, Michael B., M. S., University of South Alabama, August 2022 Visualizing
Muscle Assembly and Function in C. elegans. Chair of Committee: Ryan S. Littlefield,
Ph.D.
Myofibrils produce the forces that shorten muscles during contraction and are
composed of proteins arranged in repeating contractile units (sarcomeres). These are
composed of various proteins that self-organize into precise, alternating groups. The
process of myofibril assembly is robust, flexible, and medically relevant. Various protein
isoforms have evolved to modify the assembly process and generate a variety of muscle
types with distinct physiologies and dynamics. To study myofibril assembly, I used the
nematode Caenorhabditis elegans (C. elegans) which is an ideal model organism for this
because it is transparent and has a variety of different muscle types that are responsible
for locomotion, egg-laying, and defecation. To visualize myofibril assembly, I used
transgenic gene-edited strains that express fluorescently-tagged myofibril proteins to
determine when these myofibrillar proteins are expressed during muscle development and
assemble into nascent and functional myofibrils. To observe the entire process of
myofibril assembly at high resolution, I imaged developing C. elegans embryos with
dual-view inverted selective plane illumination microscopy (diSPIM), a novel system to
identify, measure, and classify how each muscle component becomes organized. In
addition, I used confocal microscopy and functional assays on adult worms to determine
whether fluorescent-tagging interferes with normal myofibril organization, growth, and
physiology.
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CHAPTER I
MYOFIBRIL STRUCTURE, FUNCTION, AND ASSEMBLY

Myofibril assembly has been studied in many model organisms: Drosophila, chicken,
mice, nematodes, and zebrafish, but the timing of sarcomere assembly is still being
studied. Muscle fibers in skeletal muscle are composed of dozens of myofibrils, which
are made up of repeating contractile units (sarcomeres). Model organisms have been
readily used in our understanding of development, protein expression and muscle
structures in comparison to humans. Understanding when protein expression occurs in
developing organisms could provide clues for how defects occur. Below, I review which
proteins are responsible for myofibril assembly, and how model organisms can assist in
study of muscle development.
1.1 Sarcomere Structure

In vertebrates, striated myofibrils are composed of long actin (thin) and bipolar myosin
(thick) filaments that are organized into uniform sarcomere units (Figure 1). Within each
sarcomere, the thick filaments are in the A band region and are aligned in their middle at
the M-line. The thin filaments are cross-linked together at, and extend away from, Z-lines
though the I-band region where they interdigitate with the thick filaments (Figure 1).
Within the grooves of thin filaments lies the troponin complex, that acts as regulator for
contraction, and combine with tropomyosin that acts as binding sites for myosin heads.
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Figure 1. Sarcomeres are composed of thin and thick filaments
Thick (blue) and thin (orange) filaments are organized as repeating sarcomeres along
the length of the myofibrils. Titin (yellow) maintains the thick filaments in the
middle of the sarcomere during contraction and relaxation. Z lines act as borders for
individual sarcomeres, and anchor thin filaments. M-lines anchor thick filaments and
stabilize them during the process of contraction.

During contraction, the myosin motor domains generate force that pulls the actin
filaments toward the middle of the sarcomere (Cooper 2000). During myofibril
shortening, the widths of the I band shorten while the widths of the A band does not
change (Cooper 2000).
Although this basic arrangement of thin and thick filaments within sarcomeres
and the major sarcomeric components have remained evolutionarily conserved, the
specific dimensions of the sarcomere and isoform composition vary in different
organisms to permit specialized functions (Hooper et al. 2008). Myosin, troponin, and
actin in invertebrates’ function similar to vertebrates, with their roles in the process of
contraction being analogs to each other. The dense body protein in invertebrates are
analogs to Z-lines in vertebrates, that act as a border between adjacent sarcomeres.
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1.2 Comparisons of muscles among species

A comparative approach among different muscle types is particularly useful for
understanding myofibril assembly. As expected from their evolutionary relationship, both
vertebrate and invertebrate sarcomeres share similar components, structures, and
functions (Figure 1 and 2). However, invertebrate myofibrils have more diverse
components, structures, and functions that could tell us more about vertebrate
development and function (Hooper et al. 2008). Invertebrates have been around for over
five hundred million years, and many of their sarcomere components such as troponin,
myosin, and actin are organized and function the same as in vertebrates.
Among vertebrates and invertebrates, striated muscles may be organized quite
differently and specialized for a variety of functions. Cross-striated muscles are present
within many invertebrate species and all vertebrates, have their thick and thin filaments
laterally aligned into A and I- bands, respectively. In vertebrates, cross-striated muscles
include skeletal and cardiac muscle types (Rall 2018). In contrast, the thin and thick
filaments in obliquely striated muscles are not laterally aligned but are arranged in a
staggered fashion. They are found within some invertebrate species such as nematodes
where they transmit the force of contraction laterally to the cuticle rather than
longitudinally to the muscle end (Gans and Burr 1998). Although the muscle striations in
many species are different, sarcomere contraction remains the same in these different
muscle types, many of the components are conserved, and many steps of assembly appear
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to be similar. These muscle types are useful for understanding how thin and thick
filaments assemble and become arranged into sarcomeres.

1.3 Integral Sarcomere Components and Contraction

By mass, muscle sarcomeres are primarily composed of actin and myosin II heavy
chain (Mhc II), two of the most abundant cytoskeletal proteins in metazoans. Actin
monomers form long, polar filaments that have fast-growing (barbed) and slow-growing
(pointed) ends. In striated muscles, actin filaments range in lengths from ~1 – 5 µm
consisting of 400-2000 subunits (Cooper 2000). Mhc II includes a large motor domain at
the N-terminus that interacts with actin filaments and moves toward the barbed end in the
presence of ATP (Cooper 2000). The C-terminal tail region of Mhc II forms a long alphahelix that generates a homodimer by forming a coiled-coil. In striated muscle, Mhc II
tails self-associate in a staggered fashion to form long bipolar filaments with the head
domains extending away from the thick filament core (Atkinson and Stewart 1991). In
the middle of the filaments, the tails are arranged in an anti-parallel orientation resulting
in a bare zone that does not have myosin heads. The Mhc II neck region, located between
the head and tail, binds two myosin light chain proteins that are essential for myosin
motor function. Although actin and myosin II naturally form filaments in vitro, the thin
and thick filaments in striated muscle are longer and more uniform in size (Ojima 2019).
In the last 50 years, additional sarcomere components have been characterized that are
important for the organization of actomyosin and the regulation of their interaction in
vivo (Cooper 2000).
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Sarcomere contraction occurs when calcium ions are released from the
sarcoplasmic reticulum into the cytoplasm. The calcium ions bind to troponin complexes
that are attached to tropomyosin and located along the thin filaments. The activated
complexes alter the conformation of tropomyosin, which reveals myosin-binding sites
(Gomes et al. 2002). Each myosin head with bound ATP near thin filaments will attach
and form a cross bridge, undergo a powerstroke, and release ADP and phosphate. When
the myosin heads undergo a powerstroke, they pull thin filaments towards the center and
shorten the sarcomere. Myosin heads bind to and hydrolyze ATP to ADP and phosphate,
during contraction those products are released for ATP to bind again.

Figure 2. Muscle Fiber Action
Upon initiation of muscle contraction, the actin filaments are drawn into the
framework of the Myosin-containing filament, shortening the fiber (Karp, G.
2008). The myosin-II molecules in thick filaments are responsible for moving the
actin filaments toward the center of the sarcomere. The molecule ATP powers
myosin head molecules to reach out and bind to the thinner actin filaments and
move them by lever action. When the action is complete the ATP molecule is
released and ADP with phosphate re-hydrolyze on the myosin heads.
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1.4 Sarcomere Relaxation

When relaxation begins, ATP binds to the myosin heads and they release from the
myosin binding sites (Figure 2). Calcium ions detach from troponin and go back to the
sarcoplasmic reticulum. Tropomyosin returns to its original form and blocks myosin
binding sites on thin filaments until the next cycle of contraction occurs.

1.5 Major Sarcomere Proteins

Below, I describe additional integral sarcomere proteins that are conserved among
vertebrates and invertebrates, and their role in myofibril contraction and assembly. I
focus on the diverse features and components of invertebrate sarcomeres and compare
their functional and structural roles to their homologs in vertebrate sarcomeres.

1.5.1 Actin
Actin is a major cytoskeletal protein that polymerizes to form helical thin
filaments and functions during muscle contraction by interacting with myosin on thick
filaments (Cooper, 2000). The high-resolution three-dimensional crystal structure of the
globular actin monomer (374 amino acids) and electron microscopy structure of actin
filaments have identified the high-affinity binding sites on each monomer that mediate
head-to-tail interactions with adjacent actin monomers required for filament formation
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(Cooper 2000). Neighboring actin monomers are oriented 166 degree relative to each
other, which therefore results in a helical arrangement. During assembly, actin monomers
are oriented in the same direction to create polar filaments with two (barbed and pointed)
ends with distinct structures and biochemical properties. Kinetic measurements of actin
filament dynamics in vitro (Pollard 2016) have shown that actin monomers are added and
lost more quickly to and from the barbed end than the pointed end. In addition, the
affinity for monomers is greater at the barbed end than at the pointed end, such that at
equilibrium, net monomers addition will occur at the barbed end and net monomer loss
will occur at pointed ends.
Unlike actin filaments in non-muscle cells and non-striated muscles, the lengths
of the thin filaments in striated muscles are precisely regulated in length. In vertebrates,
thin filament lengths vary among different muscle types, for example in chickens,
individual thin filament lengths are relative short in embryonic cardiac myocytes and
relatively long in adult latissimus dorsi muscles. The mechanism for specify thin filament
lengths is unknown but appears to involve regulation of actin dynamics at thin filament
pointed ends as well as a stabilization mechanism involving the giant protein nebulin in
vertebrates. However, recent data suggest that nebulin does not strictly determine thin
filament lengths through a ‘ruler’ mechanism (Littlefield and Fowler 2002). Studies on
actin dynamics explain that their pointed ends can shorten more rapidly, and indicate an
instability during contraction, while this could occur, it is difficult to determine if this
instability leads to muscle defects or if it is a common phenotype for contraction to occur
(Littlefield and Fowler 2002). Studying actin to determine why this occurs or how other
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proteins interact with it, is important for the research in understanding muscle
development and contraction.
1.5.2 Myosin II
Myosin II motors are required for locomotion, cytokinesis, and contraction
(Lodish, 2000). Conventional myosin II consists of two myosin heavy chain (Mhc II)
subunits that have an N-terminal globular motor domain (head) and a long α-helical rod
domain (tail) that self-associates. An α-helical (neck) region connects the myosin head
and tail domain and is associated with myosin regulatory light chains and myosin
essential light chains to form a hexamer (Weeds and Lowey, 1971). In vertebrates, the
tails of Mhc II striated muscle isoforms assembles with other Mhc II subunits to form
long bipolar thick filaments. The N-terminal myosin head domain generates force by
ATP-hydrolysis when myosin interacts with actin subunits in the thin filaments
(Resnicow et al. 2010).
1.5.3 Tropomyosin and Troponin
Because of the role they play in contraction, tropomyosin (Tm) and the troponin
(Tn) complex are important for myofibril assembly. The Tn complex is composed of
three protein components: TnI, TnC, and TnT.
1.5.4 Capping proteins (CapZ and Tropomodulin)
In striated muscle, the capping of the thin filaments at the fast-growing (barbed)
ends by capZ and the slow-growing (pointed) ends by tropomodulin (Tmod) stabilizes the
uniform lengths of actin (thin) filaments in myofibrils (Littlefield et al. 2001). When
capZ is inhibited in embryonic chick skeletal myotubes, the organization of α-actinin into
periodic Z-lines and the appearance of actin striations is delayed during assembly
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(Schafer et al. 1995). Thus, capZ may contribute to actin filament assembly during
myofibrillogenesis by specifying the location of the barbed end of actin filaments, hence,
specifying the polarity of the actin filaments of the I-band. However, the disruption has
no effect on thick filament organization, suggesting that assembly of myosin into
myofibrillar arrays is independent of barbed-end targeting to Z lines.
Tmod is important for specifying and maintaining thin filament lengths during
and after assembly, however its precise role may vary in different muscle types and
species depending on when it is expressed (Littlefield and Fowler 2002). For example,
within embryonic chick myocytes, Tmod incorporated in its characteristic sarcomeric
location at the pointed ends of the thin filaments late during sarcomere assembly
(Gregorio et al. 1995). Thus, Tmod is not assembled coordinately with other thin filament
proteins, but after the thin filaments have become organized into periodic, I-bands.
However, Tmod appears to assemble much earlier in developing chick skeletal myotubes
and Drosophila indirect flight muscle (Gokhin and Fowler 2011).
Thin filaments in striated muscle polymerize to uniform lengths in sarcomeres.
Understanding how thin filament length is regulated has been studied, but there are
several hypothetical models that could generate uniform actin filament length
distributions (Littlefield and Fowler 1998). One example is the Ruler Model, in which an
individual molecule binds to and extends along the length of an individual filament or
portion of a filament. One end of the molecular ruler binds to another filament-associated
component (e.g. a capping protein) to target the molecular ruler to the correct filament or
portion of the filament. Nebulin has been the leading candidate for length regulation of
thin filaments (Littlefield and Fowler 1998).
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1.5.5 Dense Bodies/Z-lines
Alpha-actinin (α-actinin) is a crosslinking protein responsible for attaching thin
filaments to Z-lines in vertebrate sarcomeres and dense bodies in invertebrates
(Blanchard et al. 1989). Antiparallel α-actinin dimers form with one actin-binding
domain at each end of the rod and bundles actin filaments in multiple cell-type and
cytoskeleton frameworks (Sjoblom et al. 2008). The protein has been suggested to
interact with the N-terminal portion of titin to strengthen binding activity stronger
(Littlefield and Fowler 1998).
Vertebrate sarcomeres are distinguished by Z-lines that appear as dark bands that
act as borders for individual sarcomeres, and anchors actin filaments. Z-lines are mostly
composed of the protein α-actinin, that’s a homodimer and acts as a backbone for
insertion of actin-based filaments in both muscle and non-muscle cells (Luther 2009).
The protein α-actinin is found in both vertebrate and invertebrate organisms, and dense
bodies that also act as borders for individual sarcomeres in vertebrates are rich in this
protein. However, it is known that α-actinin is not found in early stages of development
of invertebrate sarcomeres, but arises later in development. This leads to the question of
what proteins organize in the sarcomere to form dense bodies in the early stages of
development.
Dense bodies are found in invertebrate muscles and are structurally homologous
to vertebrate Z-disks in that they anchor thin filaments to adjacent sarcomeres. However,
unlike vertebrate Z-disks, dense bodies are attached to the muscle cell membrane
(Moerman and Williams 2006). Other components of the sarcomere that assist in
regulating structure are alpha-actinin (Atn) and CapZ. Alpha-actinin crosslinks the thin
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filaments from adjacent sarcomeres at Z lines/dense bodies (Blanchard et al. 1989).
CapZ, whose main function is to cap barbed ends of the thin filaments and specifies their
polarity when (Maeda and Yamashita 2019).

Invertebrates have been around for over five hundred million years, and many of
their sarcomere components such as troponin, myosin, and actin are organized and
function the same as in vertebrates.
While there are some differences between vertebrates and invertebrates, we study
myofibril assembly and function in invertebrates for their great diversity of muscle genes
and protein interactions (Hooper and Thuma 2005). Another advantage of studying
invertebrates is that many human diseases results from errors in muscle protein structure,
and thus any findings from studying invertebrates that could improve human health is
important (Hooper and Thuma 2005).

1.6 Objectives

1.) Observe myofibril assembly to determine when expression of sarcomeric
components assemble.
2.) Observe the effects fluorescent tags have on myofibril assembly.
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CHAPTER II
INVESTIGATING THE ASSEMBLY OF FLUORESCENTLY-TAGGED
MYOFIBRIL COMPONENTS INTO CAENORHABDITIS ELEGANS
SARCOMERES

2.1 Introduction

C. elegans have many molecular signals controlling its development that are also
found in humans. Their muscles that have been heavily studied are found to have many
functional equivalents to skeletal muscle that is found in vertebrates (Gieseler et al.
2018).
M

Thick Filament

Dense
Body

myoB

myoA

myoA

myoB

myoA

myoA

myoB

myoA

myoA

myoB

myoB

myoB

Thin Filament

Figure 3. C. elegans Sarcomere
MyoA and MyoB proteins assemble as homodimers to form the thick
filament in BMW cells of C.elegans.
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In the embryo stage, worms constantly twitch once sarcomere components
organize and they eventually crawl out the eggshell.
C. elegans is an excellent model organism to study myofibril assembly and
investigate how thick filament lengths and actin components function during
development (Giesler et al. 2018). Although their body wall muscle is obliquely striated,
human muscles are cross striated, the advantages in utilizing C. elegans for studying
muscle assembly was their muscle functions are like vertebrate muscle (Figure 3).
Additionally, the transparent cuticle in C. elegans allows muscle structures to be
visualized to compare muscle assembly and function of embryos and adults to vertebrates
(Corsi 2015). Other advantages to using C. elegans are they can be grown in large brood
size populations, easy to maintain compared to other model organisms (mice and
Drosophila), and they have a short generation time (Corsi 2015). The worms have two

Figure 4. C. elegans embryogenesis
Courtesy (Hall, 2017)
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sexual forms known as self- fertilizing hermaphrodites and males that can be mated to
create cross strains of different transgenic genotypes with co-expressing fluorescent
proteins. Though in this research, understanding the larval stages of the organism is
critical in my research for determining protein expression. Morphogenesis starts with the
bean stage (350 min), and transitions into the twitching stage, when contraction first
occurs (430 min) (Figure 4). From there the worm grows from 1.5-fold to a coordinated
fashion at 3-fold (550 min), and hatches (~800 min). Below I introduce more about how
certain genes that encode protein expression for muscle cells, function in worm
development.
During growth stages of the worm the various muscle groups develop, such as the
body wall muscle, pharynx muscle, anal sphincter muscle, anal depressor muscle, with
the uterine muscle and vulva muscles developing during the L4 stage (Figure 5). These
muscles enable the worms to function, but for their male counterparts, they lack uterine
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and vulva muscle. The males have finned-shaped tails that allow them to attach to the
vulva of hermaphrodites to reproduce.

A

B
Figure 5. Myofilaments in C. elegans muscles
(A) Diagram of C. elegans hermaphrodite muscle types include the pharynx
muscles (PM) and body muscles, which include obliquely striated body wall
muscle (BWM), vulval muscle (VM), uterine muscle (UM), anal depressor muscle
(ADM), anal sphincter muscle (ASM). Males (not shown) have additional tail
muscles. These muscles are composed of actin (thin) and myosin (thick) filaments
that are organized into units (sarcomeres) which generate force. (B) In BWM, thick
filaments form oblique striations relative to the direction of contractile force.

Mutations in or knockdown of lev-11, the single Tm gene in C. elegans, results in
disorganized BWM thin filaments (Watabe et al. 2018).
In C. elegans, the protein paramyosin regulates thick filament lengths during
assembly and normal function. (Mackenzie and Epstein, 1980). The interactions of
nematode paramyosin (Unc-15) with myosin resemble those of the homologous proteins
from other species (Harris and Epstein 1977).
There are four TnI genes in C. elegans, which includes unc-27, the main TnI
isoform in BWM. Mutations or knockdowns of unc-27 lead to slow locomotion and
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sarcomere disorganization (Burkeen et al. 2004). In BWM, TnI is also important for
myofibril assembly in C. elegans during embryogenesis. The mechanism for how
troponin is involved in muscle assembly is evident from disruptions or modifications to
Tn in C. elegans, such as Tni-3. When Tni-3 levels are reduced RNA inhibition (RNAi),
the worms become rigid and paralyzed, and sarcomeres become disorganized in early
stages of worm development (L1). This Tni-3 mutation displays a very similar phenotype
as unc-27 mutants, which suggests Tni-3 is also an important gene for sarcomere
assembly, and critical for contraction to occur (Burkeen et al. 2004).
C. elegans was used to investigate the function of tropomodulin, by studying the
unc-94 gene that encodes a Tmod isoform (Stevenson et al. 2007). By disrupting unc-94
function, the nematode displays an abnormal phenotype including reduced motility and
muscle structure disorganization (Stevenson et al. 2007). Electron Microscopy (EM)
shows the disorganization in sarcomeres, especially having irregular (short, thin, and
jagged) dense bodies and a lack of M-lines; the muscle cell process is dilated and
contains a higher ratio of thin to thick filaments. This suggests Tmod is necessary to keep
the balance of thin filaments in sarcomeres and regulate thin filament lengths, so
sarcomere structure remains normal (Stevenson et al. 2007). Other components such as
capZ and α-actinin could help Tmod regulate thin filament length and stabilize the
filaments in the sarcomere.
Dense body and M-line attachment in C. elegans have been studied and revealed
key of many genes (unc-97, pat-4, and pat-6) in the assembly of attachment sites
complexes and the assembly of dense bodies and M-lines (Giesler K et al. 2018).

16

The exact timing of thick filament assembly during development is unknown. It is
known that thick filaments assemble in the larval stages, and is needed for twitching to
occur, but do we see a concentration of muscle myosin’s before this action? To observe
this, we used various tools to determine when expression occurred.
C. elegans muscles consist of obliquely striated body wall muscle (BWM), that
has been studied for thick filament assembly (Figure 4). Other muscle groups that can be
observed are the vulval (VM), uterine muscle (UM), pharynx muscle (PM), anal
depressor muscle (ADM), and anal sphincter muscle (ASM). (Gieseler et al. 2018).
Studies in thick filament assembly were conducted using Ethyl methanesulfonate (EMS)
to create a point mutation in unc-54 gene (MyoB) (Bejosvec and Anderson 1988). The
results were that homozygous altered unc-54 lead to a defective phenotype in thick
filament assembly and disruption of MyoA assembly. In adult worms, function was
abnormal with slower locomotion and reduced egg laying, which concludes MyoB
function is important throughout the life cycle of the animal (Bejosvec and Anderson,
2000). This lead me my next question, when does thick filament assembly occur, and
would any disruptions affect other myosin proteins such as paramyosin? Does the
disruption alter the length of the thick filaments?
To investigate these questions, I used C. elegans that were tagged by fluorescent
proteins GFP and mCh by using CRISPR cas9. Specific genes that encode muscle
proteins are used to study myofibril assembly, such as unc-54 (MyoB) and tropomodulin
(unc-94). The worm’s transparency allowed me to observe expression of tagged
sarcomere proteins during early development and adulthood.
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The timing of protein expression during sarcomere assembly in C. elegans. The
nematode shares many genes and molecular pathways with humans, its genome is
sequenced, transparent, and quickly develops (Corsi et al. 2015). In C. elegans,
fluorescent fusion proteins are often expressed by microinjecting DNA into the gonad,
generating semi-stable extrachromosomal arrays that contain many copies of the injected
DNA23 efficiency of single-copy transgene insertion into this site using either Mos1mediated single-copy insertion (MosSCI20) or Cas9-triggered homologous
recombination. I used CRISPR cas9 system to perform knock-in insertions of fluorescent
tags in various sarcomere proteins. I used the fluorescent tags GFP (green fluorescent
protein) and mCh (mCherry) to observe expression of sarcomere components in the
myofibrils.

2.2 Methods

Below I describe the steps in maintaining worm strains, sample prep for
experiments, and detailing the steps of using various microscopy tools. For the
methodology, I crossed various genotypes with one fluorescent tag to produce double

expressed worms, that would allow us to observe two fluorescently labeled muscle
proteins during development. I used confocal microscopy to observe myofibril
organization and compare muscle degradation as the worm ages. To measure myofibril
assembly and observe effects of tagging in embryos, I used duel-inverted selective plane
illumination microscopy (diSPIM), which allows me to compare fluorescent intensities in
developing embryos to investigate when muscle components organize in the muscle. I

18

also used various functional assays (egg laying, swimming, and burrowing) to measure
contractile dynamics, and if tagging interfered with function or aging of the worm. I
relate my findings to previous studies in myofibril assembly, and congenital diseases to
discover clues in preventing atrophy and other muscle defects.
2.2.1 Worm Maintenance
All worm strains were regularly maintained at 16°C on nematode growth medium
(NGM) agar plates with a lawn of E. coli bacteria (OP50). The bacteria are grown
overnight in LB media at 37°C. Most strains were maintained as hermaphrodites. L4
hermaphrodites (3-5) were individually transferred to new plates on a dissecting
microscope using a sterile, platinum worm pick. Male plates were maintained by
transferring 8-10 males and 3-5 L4 hermaphrodites. The strains are generally maintained
at 16°C so that they grow slowly and are transferred on to new plates weekly before they
starve. For experiments with young adults, well-fed L4 larvae were transferred to new
plates and allowed to develop at 25°C overnight (Corsi et al. 2015).
2.2.2 Molecular Biology
Strains that express a GFP-MyoB translation fusion were generated using
CRISPR-Cas9 homologous repair (Dickinson et al. 2013) and a co-conversion screening
approach (Ward 2015). I identified an optimal CRISPR target site in the C. elegans
genome at unc-54 start codon using CRISPOR (Crispor.tefor.com), which predicts both
on-target and off-target efficiency (Ward, 2015). I designed forward and reverse DNA
primers for cloning homology arms (HAs) used Geneious software (Biomatters, Inc). For
all DNA primers, I verified that they were unlikely to form unwanted hairpins, self-
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dimers, or cross-dimes using NetPrimer (PremierBiosoft) and determined PCR annealing
temperatures using NEBio Calculator (Nebcalculator.neb.com).
To generate transgenic strains, ~30 N2 (wildtype) young adult hermaphrodites
were immobilized under halocarbon oil onto dry 2% (w/v) agarose pads (prepared on
glass coverslips) and microinjected in the anterior and posterior distal gonads with an
injection mix. The injection mix included a plasmid encoding codon-optimized Cas9
(pDD400), plasmids encoding sgRNA for the unc-54 and rol-6 targets sites, an unc-54
repair plasmid (see below), and rol-6 (gof), a single-stranded oligodeoxynucleotide
(ssODN) encoding a dominant rol-6 allele.
The unc-54 repair plasmid was constructed in several steps according to
Dickinson et al 2013. First, genomic DNA was isolated from N2 worms by spin column
purification (Thermo Fisher) based on manufacturer’s protocol. Second, forward and
reverse DNA oligonucleotides (primers) were used to amplify the 5’ and 3’ unc-54 HAs
from N2 genomic DNA. The unc-54 HA fragment was joined with the pMiniT2.0
backbone (New England Biolabs) by blunt-end assembly (NEB PCR cloning kit) and
transformed into E. coli bacteria. Third, primers were used to amplify the unc-54 HA
plasmid and insert region from the FP co-expression cassette (pDM202) by PCR. The
two PCR products were joined by isothermal assembly (NEB Gibson Assembly Kit) and
transformed into E. coli bacteria. For both cloning steps, individual E. coli transformants
were selected on Petri dishes containing 100 ng/mL ampicillin (amp) in Luria broth (LB)
agar and grown overnight at 37°C in LB/amp media. The unc-54 HA and unc-54 repair
plasmids were isolated by acid lysis and purified on a silica-binding column (Zyppy
miniprep, Zymogen Corp) and were both verified by Sanger sequencing by Eurofins.
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Agarose gel electrophoresis was used to verify that each PCR reaction yielded a single
band of the expected size and that all plasmids had the expect sizes. All primers were
purchased from Eurofins.
The FP co-expression cassette includes codon-optimized mCh and GFP coding
sequences separated by a 110 bp intercistronic region (ICR) that was derived from an
endogenous operon (CEOP1032). During mRNA processing, the ICR directs transsplicing machinery within C. elegans nuclei to generate separate mRNA molecules from
a single unprocessed transcript, enabling for co-expression of mCh with the GFP-MyoB
translational fusion. The insert region in the unc-54 repair plasmid also includes a flexible
Gly5-Ala linker that is intended to prevent the GFP from interfering with proper folding
of the MyoB head region. The Gly5-Ala was constructed using 5’ extensions during the
isothermal assembly step. Red and green fluorescent proteins (FPs) were introduced near
the cas9 target sites by injecting repair plasmids that include the FP coding region. I
designed an sgRNA targeting a sequence adjacent to an insertion site on chromosome I.
To verify that the endogenous genes were edited in the isolated strains, I used
low-fidelity PCR to detect the inserts at the 5’ (upstream) and 3’ (downstream) ends of
the target sites (Figure 6). We used the gel ladder to measure kilobase size, and after
confirmation we inserted the plasmids into the target regions of the worm, and the
progeny from inject mothers were screened for homozygosity (Figure 6).
2.2.3 Strain Mating
The next step was to co-express transgenic strains to compare protein assembly
(Table 2). For successful mating, I would produce male wildtype worms for the
fluorescent mothers to reproduce with. To produce males, I had to transfer 10
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hermaphrodites onto an individual plate, and I would create two plates for this
experiment. The plates were placed in a 30°C incubator for 4-6 hours to let a sex
chromosome be erased from one of the eggs of the mother. Once the plate was taken out,
I would monitor the plate for any progeny that were male type.
For matings, I would transfer 10 wildtype males onto an individual plate with 3
fluorescent hermaphrodites. After reproducing with males, I would monitor the progeny
for any fluorescent male worms. If successful, I would transfer them to an individual
plate with 3 hermaphrodites of another fluorescent type, and let them produce progeny
with both GFP and mCh expression. To create a homozygous worm of both mCh and
GFP, I would transfer 6 individual worms to 6 individual plates and monitor their
progeny for homozygosity. When this worm was found, I would transfer that worm to a
new individual plate and maintain the homozygous strain.
2.2.4 Confocal Imaging
Live adult worms were imaged on Andor spinning disk confocal microscope with
a 60x PlanApo objective (NA 1.3) with a 1.5x optivar lens and captured with a xxx
digital camera at 1024x1024 pixels, with a final pixel size of 216 nm.
Approximately 8-10 well-fed adult worms were transferred from NGM plates to a small
drop of M9 buffer on an agarose pad prepared on a glass slide. The worms were
immobilized with muscimol and 2,3-Butanedione monoxime (BDM), and a coverslip was
carefully placed on top of the worms.
Once the sample was placed on the confocal, both red and green images are taken,
Z-stacks were collected with ~0.2 um spacing. It was best to image the length of the
entire worm, to accurately access myofibril structures, and protein expression.
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The images are processed using FIJI and converted from OME to TIF, and co-expression
can be observed. The system allowed to observe the nematodes at high resolution, and
despeckling was used to rid of any dust, or noise from the images. This effect does not
alter the organism in the image, nor does it enhance the intensity of the red or green.
2.2.5 Dual Inverted Selective Plane Illumination Microscopy
The dual inverted selective plane illumination microscope (diSPIM) was used to
image protein expression in a 4D environment at high resolution. To begin the
experiment, a glass coverslip was prepped with a black-outline square in the middle
(make sure the line is dry). Pipette 20uL of Poly-L-lysine into the square, and let dry.
Transfer the coverslip to metal chamber (author) and tighten seal around it, but not too
tight to break the coverslip, and add 8mL of M9 on top of the metal chamber. Transfer
several gravid hermaphrodites to a glass well with M9, and use a scalpel to cut the
hermaphrodites for eggs to flow out. I transferred the eggs to the adhesive square with a
mouth pipette and arranged them within the square using a micro-pick (eye-lash pick).
This allowed each individual egg to be imaged separately from other eggs (Kumar et al,
2014).
Transfer the chamber into the diSPIM system, and close the door. Activate the
software and lower the objective heads into the chamber. In the diSPIM, there two
objective heads, with an objective at the bottom to capture the organism at multiple
angles, and when combined, will allow the user to visualize a 3D image. The two
objective heads are labeled as SPIMA and SPIMB, and will be used to individually look
at the worms. At this point, use the piezo to lower the heads and focus on individual
embryos (the software will allow you to save points for rotation), and test the system to
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capture both red and green channels, without photobleaching the organism. After
successful testing, the system would image individual embryos over a course of 8-9
hours, and saved with the date of the experiment, and name of the strain (Kumar et al,
2014).
After image capture, a variety of computer programs and coding functions were
used to analyze the image datasets (see supplementary data). Each dataset was converted
from OME file to TIF, since FIJI can read this version better, and images were produced
as concatenated max-projects, so that a time course series was created, and
embryogenesis for every individual worm can be observed real time. The time course
series also displays both red and green channels (separately if need be) so that protein
expression can be observed in co-expressed strains.
2.2.6 Generation of Gene-edited GFP-MyoB Strains
To modify specific endogenous genes in C. elegans genomes, I used CRISPR
cas9 homologous repair, which uses an RNA-guided Cas9 nuclease to introduce a
double-strand break (DSB) at a specific site in the genome, followed by DSB repair by
homologous recombination (Dickinson et al 2013). The insert contains an intercistronic
region (blue) and sequences that coded for mCherry (mCh) and green (GFP) fluorescent
proteins (Figure 6).
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Figure 6. Design of unc-54 transgenes using CRISPR-Cas9
(A) The 5’ end of the genomic unc-54 locus was chosen to generate N-terminal
fusion proteins using CRISPR-Cas9 homologous recombination. The repair
plasmids consist of 5’ and 3’ homology arms (HA), an insert containing an
intercistronic region (blue) and sequences coding for mCherry (mCh) and green
(GFP) fluorescent proteins. The transgenic unc-54 gene is designed to express a
GFP-myoB fusion (GFP-myoB). (B) Transgenic worms were generated by
injecting wildtype N2 worms (P) with DNA plasmids. Resulting progeny (F1)
were screened for the phenotypic marker rol-6(gof) and GFP expression. F2 nonrollers that expressed GFP were picked onto individual plates and screened for
homozygosity.

Based on dissecting microscopy, GFP expression was visible along the length of
the worm in body wall muscles (BWMs) in six progeny. Several of progeny were from
different injected (P0) hermaphrodites indicating that they came from independent geneediting events. In addition, mCh co-expression within BWM cell nuclei was visible in
three of the progeny, but not visible in two of the progeny. In one progeny, mCh co-
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expression was visible, but was considerably dimmer compared to the other three coexpressing strains.
To determine the nature of the gene edits at the endogenous unc-54 gene loci, I
performed PCR genotyping from the six different strains.

Figure 7. PCR genotyping of gene-edited MyoB worms
Agarose gel electrophoresis of GFP-unc-54 (MR03, MR06, MR10, MR11,
MR12, MR13) transgenic strains detecting the insert at the 5’ (upstream) and
3’ (downstream) ends of the target site. DNA standard (Ladder) sizes (bp,
right of gel).

CRISPR-Cas9 gene edit was also used to generate transgenic strains that express GFP
and mCh fluorescence. The pat-3 and pat-2 strains were tagged at the C-terminus of the
protein.
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Maturation timing of the fluorescent tags are considered for protein expression
and calculated into the data. Confocal images display co-expression of transgenic strains,
with localization of the protein labeled on the images. The diSPIM
data displayed embryos in separate SPIM paths that were processed and combined to
create a 3D image (Figure 8).
The fluorophore maturation time (~50 min for GFP, and ~15 min for mCherry)
was included in the calculations for the timing of gene expression (Table 3). Assembly of
MyoA and MyoB expressed at the same time, thick filament in homozygous myosin
strains (MyoA and MyoB) assembled normal, but disruption of MyoB filaments occurred
in 2-fold or 2.5-fold stages that lead to a paralyzed phenotype (Figure 9).

SPIMA

SPIMB

Figure 8. diSPIM images display multiple angles of embryos during
development
Images are taken simultaneously at SPIM path A (SPIMA) and SPIM path B
(SPIMB) to give real-time 3-D observation of embryogenesis and provide
more detail of development not viewed in confocal imaging.
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Figure 9. C. elegans sarcomere assembly
Dense body proteins assemble before the thick filament proteins in
embryogenesis. The dense body proteins express during the bean stage of
development and thick filaments express in the early comma stage.

Assembly of dense body proteins (GFP-Pat-3 and mCh-pat-2) had normal
assembly, and no disruption occurred when co-expressed. The dense body strains were
disrupted when co-expressed with homozygous GFP-MyoB animals. When co-expressed
with heterozygous GFP-MyoB, no disruption occurred. Normal assembly occurred in
troponin protein (mCh-Tni-3), and normal assembly when expressed with GFP-Tmod,
but not with any myosin strains. The GFP-Tmod strain assembled normal and had normal
assembly when co-expressed with mCh-MyoA.
The next step was to observe confocal images of young adults, determine where
expression was localized in the worms (Table 4). Expression of myofibril proteins were
observed for each transgenic strain. Images displayed normal myofibril structures in
tagged strains, except in GFP-MyoB worms. Images of the homozygous GFP-MyoB
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animals (RSL52) displayed disrupted myofibrils, this strain also had no co-expression of
mCh tag in the myofibrils as well. To determine if this phenotype is a dominant trait, I
compared images of heterozygous GFP-MyoB animals and viewed heterozygous MyoB

Figure 10. diSPIM data displays real time embryogenesis of
a co-expressed embryo
The embryo displayed is a GFP-MyoB; mCh-MyoA worm,
whose time for each stage of development is listed.

strains have normal myofibrils (Figure 10). I then imaged co-expressed heterozygous
MyoB animals with mCh-MyoA and found their muscle structures appeared normal as
well. This would indicate the phenotype in homozygous animals are a recessive trait.
Images of other transgenic strains displayed myofibrils as normal, compared to
homozygous GFP-MyoB strain (Figure 10 and 11). The lengths of transgenic strains were
taken to confirm no disruption occurred in any muscle groups where the proteins express.
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The Tmod strains displayed GFP along the body wall muscle, the vulva and uterine
muscles of the worm, with nuclei localized around the cuticle (Figure 10). The dense
body animals had normal myofibrils, with expression localizing along the lengths of the
worm (Figure 11).

Table 1. Expression of myofibrillar proteins in C. elegans

Gene

BWM

PM

ADM

ASM

SIM

SG

UM

VM

Tni-3

+

+

+

+

+

Myo-3

+

+

+

+

+

Unc-54

+

+

+

+

+

Unc-94

+

+

+

+

Pat-3

+

+

+

+

Pat2

+

+
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+

+

+

+

+

+

Figure 11. Sarcomere assembly is disrupted by fluorescent tags in GFPMyoB animals

Muscle assembly is normal in heterozygous GFP-myoB embryos, but
homozygous phenotype has disrupted development ~3 hours into
embryogenesis or in 2-fold/2.5 fold stages.
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Heterozygous
Homozygous
Figure 12. Homozygous GFP-MyoB strains have disrupted myofibril
structures
Myofibril assembly in heterozygous GFP-myoB have normal assembly
in comparison to homozygous GFP-moB that has disrupted myofibril
assembly. (A) BWM displays normal striations with mCh present in the
nuclei. (B) Vulva muscle (VM) displays normal striations, and (C)
displays normal striation around the anal depressor muscle (AD). (D)(E)
displays disorganized myofibrils in comparison to the heterozygous
worm observed.
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Figure 13. Tropomodulin expressed animals display normal striations
(A)(E) GFP-Tmod surrounds entire head region, in normal striations. (B) Co-expression
of GFP-Tmod and mCh-myo3 have normal striations, with nuclei localized along the
cuticle. (D)(F) mCh-myo3 and Tmod are present in the vulva muscle and displays normal
structure.
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Figure 14. Dense bodies assemble normal in C. elegans
(A)(B) pat-3 localized in the head region and expressed in the pharynx. (C) mCh-pat3
is expressed in the vulva muscle and gonad regions of the worm.
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CHAPTER III
MEASUREMENT OF SARCOMERE FUNCTION IN TRANSGENIC C.
ELEGANS STRAINS

3.1 Introduction

The purpose of measuring muscle function in worms is to determine if fluorescent
tagging interferes with locomotion or egg laying. If fluorescent tagging does interfere
with worm function, this data could provide clues if genetic modifications in various
muscle proteins have a severe phenotype. To observe muscle function, I’ve chosen a
variety of muscle assays that could accurately determine the effects of tagging. I’ve
chosen thrashing assays that measure locomotion in worms. Egg laying assays to observe
vulva function, and if bagging occurs in the mothers. I also chose Pluronic gel assays to
measure locomotion and neuromuscular strength in worms by making them burrow in a
3D gel environment (Lesanpezeshki 2019).

3.2 Methods

3.2.1 Motility (Swimming) assays/ Age series assay
To determine contraction in transgenic strains, swimming rates were measured to
determine force production, and determine if fluorescent tags disrupted function (Hart
2006). This performance was measured to determine if disruption worsen over the adult
cycle, and compared to wildtype and among the transgenic strains. To begin this
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experiment, several gravid hermaphrodites were transferred over to fresh NGM plates
(labeled with strain name, and P1) and allowed to lay eggs for 3-5 hours. After that time,
the mothers were removed, and the eggs were allowed to develop into L4 stage worms.
The worms that matched with L4 stage, were transferred to a new NGM plate (labeled
strain name, date, day 1) and allowed to grow until their day 1 adults, and once they reach
this stage, the experiment can begin (Hart 2006).
To start, a microscope slide is placed on a 3D dissecting scope, and 15uL of M9 is
pipetted on the slide. Transfer one worm from the NGM plate and into the droplet, then
observe the worm to see if the worm is alive after the transfer. If alive and moving, I
timed the motility of the worm for 15 seconds for one time series, then wait 15 seconds
and time again for 15 seconds in another series, and remove the worm. Repeat these steps
for 10-20 worms or more if needed. Once completed, I removed worms and used
Microsoft Excel to calculate average, standard deviation, and error, and create a chart that
compares the strains.
3.2.2 Egg laying assay
This experiment was performed to measure egg laying function and viability, to
determine if fluorescent tagging interfered with the vulva function, and worm
development. To start this experiment, six L4 stage worms were picked from each strain
and individually placed on small NGM plates (labeled strain name, date, and plate #) then
left out at room temperature (incubator can be used as well, but experiment will go
longer) and allowed to grow into young adults that will start laying eggs. The young
adults were allowed to lay eggs for 24 hours, then transferred onto new small NGM
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plates labeled with the same plate number as their previous one (do not mix worms in
different plate numbers) and leave out at room temperature (Harlow P et al 2016).
Going back to previous plates, give them another 24 hours for more embryos to
hatch, then record how many hatches and how many did not. To keep an accurate count
since hatched embryos will be moving, I placed the plates into the fridge or any cold
compartment, and leave in for 20 minutes. Take the plates out and using a worm pick or
similar tool, remove worms and record how many hatched and how many did not.
For day 2 plates and onward, I repeated the previous steps until the mothers have stopped
laying eggs, or died and record results (Harlow P et al, 2016).
3.2.3 Pluronic Assay
This experiment measures force production in worms by creating a 3D
environment that heavily simulates the C. elegans natural environment and adds a gel
layer that provides mechanical resistance to the worms as they burrow. To prepare the
experiment, a 12 well plate is needed to create multiple replicates for each strain (3 wells
for one strain that can be completed with 4 strains altogether, or vice versa to use all 12
wells) and labeled on the sides for which strain and replicate for each strain will be used.
To prep 26% Pluronic gel solution was created and left in the fridge to dissolve at a cold
temperature, and once its fully dissolved, its ready for the experiment. For worm
preparation, several gravid hermaphrodites were transferred on new NGM plates (2-3
plates per strain if necessary) and allowed to lay eggs for 3-5 hours. After this time, the
adults were taken off and the progeny were let to grow to young adults (Lesanpezeshki,
2019) For the experiment to begin, the gel solution was taken out of the fridge and placed
in a 15°C incubator for 10 minutes, then taken out at room temperature. Pipette 30uL of
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pluronic gel in the center or edge of a well, and place the gel solution in an ice bucket to
keep it from solidifying. For each droplet in a well, 30 worms were transferred over,
sometimes an additional droplet is needed in case it gets tough to place worms in the
original droplet. Once the droplet or droplets solidify for each well, cast more gel solution
on top until desired gel height is reached.
The gel casting can take ~10-15 minutes to solidify, and to determine if it has
completed, use a worm pick and tap the edge of the gel, and if it doesn’t reform then the
gel has solidify. Transfer 30uL of OP50 bacteria on top of the gel and time the
experiments for 2 hours. Every 15 minutes, count how many worms have reached the top
of the well, and take images if possible. Some worms who reach the top can burrow back
under the gel; this is normal (Lesanpezeshki, 2019).
For this experiment, 26% gel solution was chosen, because previous studies have
explained, this resistance is like the worm’s natural environment. This solution was also
chosen for that any higher or lower increases would produce the same result as 26%, and
gel height was selected at 1.1cm, for that any lower or higher height would produce the
same result. This also added enough distance for the worms to burrow, and create a more
similar condition for the worms when burrowing in their environment. Replicates were
produced to compare results among each well, and amongst any strains in the experiment.
OP50 bacteria had to be used for the experiment, for that no chemoattractant would not
lure the worms to burrow to the top. Results were calculated using Microsoft Excel.
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3.3 Results

Functional assays were used to measure locomotive function in transgenic strains,
and determine if fluorescent tagging interfered with their function. Locomotion was
calculated using time intervals of two 15-second observations, and counting the number
of beats per interval. In wildtypes, their recorded motility average was ~90 BPM (beats
per minute), this result was compared with the other transgenic strains. The mCh-MyoA
(RSL50) had ~90 bpm that’s similar to wildtype, but homozygous GFP-MyoB (RSL52)
had lower motility in comparison to wildtype with an average of ~48 BPM. The
heterozygous GFP-MyoB (RSL53) averaged ~100 BPM, this recording is slightly higher
then wildtype, and no problems occurred during transfer. Co-expressed strains were
recorded next, with RSL55 (GFP-MyoB; mCh-MyoA-tail) averaging ~95 BPM, and no
problems transferring, and RSL56 (GFP-MyoB; mCh-MyoA) averaging ~100 BPM. The
headless myosin strain RSL6 (mCh-MyoA-tail) averaged ~100 BPM, and no problems
with transfer.
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Figure 15. Motility data explains fluorescent tags do not interfere with
worm function
In comparison to wildtype (~95bpm), homozygous GFP-MyoB strain has the
lowest crawling rate with ~45bpm, in comparison to the heterozygous GFPmyoB worms that had ~100bpm. The transgenic strains function very similar,
with no significant difference with wildtype. Sample size n=50 per strain

In comparison to wildtype, RSL53, RSL55, and RSL56 and RSL6 had slightly
higher motility then wildtype, and RSL52 had the lowest locomotive function. When
comparing strains, RSL55 had very similar motility in comparison to wildtype but
slightly slower function within comparison to other transgenic strains recorded besides
RSL52. The homozygous GFP-MyoB strain RSL52 had lower motility then wildtype by
50%, and 50-60% slower in comparison to the other transgenic strains recorded. The
heterozygous GFP-MyoB strain RSL53 had 15% higher motility in comparison to
wildtype, and 100% higher motility in comparison to RSL52. Co-expressed strains such
as RSL55 had very similar motility in comparison to wildtype, but slower motility on
average in comparison to RSL53.
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Figure 16. Pluronic gel assay reveals neuromuscular strength in transgenic
strains is normal
Neuromuscular strength in GFP- myoB and mCh-MyoA (RSL52 and RSL50) had
the lowest burrowing rate in comparison to wildtype. The co expressed strains
RSL55, RSL56 and RSL53 had similar burrowing rates in comparison to wildtype.
Experiment was performed at room temperature and all conditions were the same
for each strain. N=30 per well or 120 per strain for measurements

To determine if fluorescent tags had an indirect effect on muscular strength of the worm,
and accurately assess if locomotion was reduced, I placed the animals in an environment
that is similar to their own. The body wall muscle of the worm can body twist, which
enables the organism burrow in their natural environment. The results of burrowing
explain transgenic strains have similar burrowing rates in comparison to wildtype (Figure
16). However, mCH-MyoA (RSL50) and GFP-MyoB (RSL52) had slower burrowing
rates then wildtype and transgenic strains. The images display worms that burrowed to
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the top of the gel and localized in the chemoattractant. The reason for fluctuations of data
points during the recording period on the graph is that some worms would burrow back
under the gel.
Egg viability was measured by observing how many eggs are laid in the life cycle
of an adult worm and counting the number of eggs that hatched. This experiment was
completed at room temperature, and consisted of six adults from each strain, which
allowed for accurate analysis and averages. Results explain wildtype egg laying average

Eggs

was ~276, with maximum egg laying ability to be ~300 eggs in the adult life
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Figure 17. Egg-laying behavior in adult C. elegans hermaphrodites that
express mCh-MyoA and GFP-MyoB.
Average number of eggs laid by adult hermaphrodites. Error bars are standard
deviation. Sample size, 12 individuals per strain. Alleles: +, wildtype; mCh, mChMyoA; mCh-tail, mCh-MyoA-tail; GFP, GFP-MyoB. All genes are homozygous
except for GFP/+. P-value displayed no significant difference in any phenotype
besides the homozygous GFP-myoB worm with wildtype MyoA.

cycle. The myosin strain, and RSL50 (mCh-Myo3) have an average of ~285 eggs laid.
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The co-expressed strains RSL56 (GFP-MyoB; mCh-myo3) egg laying average was ~264,
and RSL55 (GFP-MyoB; mCh-MyoA-tail) have an egg laying average ~273. The
homozygous RSL52 (GFP-MyoB) have an egg laying average of ~101.
In comparison to wildtype, transgenic strains have very similar egg laying
function, but RSL52 had the lowest egg laying average. The heterozygous strains RSL56
and RSL55 had similar egg laying function to wildtype, which would indicate the
fluorescent tag is not a dominant negative phenotype in transgenic strains. The reason for
not observing non-myosin tagged strains, was that assembly and function was normal. To
conclude this section, I’ve created a summary chart detailing the functions of transgenic
strains to be normal or disruptive (Table 2).
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Table 2. Muscle performance of transgenic C. elegans strains
Strain

RSL52
RSL58
RSL53
RSL50
RSL6
RSL11
RSL48
RSL60
RSL61
RSL62
RSL49
RSL51
RSL55
RSL56
RSL63
RSL65
RSL66

Modification

GFP-MyoB
GFP-MyoB (w/out mCh)
GFP-MyoB/+
mCh-MyoA
mCh-MyoA-tail
GFP-Tmod
mCh-TNI-3
PAT-3-mCh
PAT-2-GFP
ATN-1-GFP
mCh-TNI-3; GFP-Tmod
GFP-Tmod; mCh-MyoA
GFP-MyoB/+; mCh-MyoA-tail
GFP-MyoB/+; mCh-MyoA
PAT-3-mCh; mCh-MyoA
GFP-MyoB; PAT-2-GFP
PAT-3-mCh; PAT-2-GFP

Phenotype
Swim

Egg
laying

MFA

−
−
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

−
−
+
+
++
+
+
+
+
+
+
+
+
+
+
+
+

−
−
+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Summary of motility, burrowing, egg-laying, and myofibril assembly (MFA) for
transgenic strains.
+ Normal phenotype
− Reduced phenotype
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CHAPTER IV

CONCLUSIONS AND DISCUSSIONS
4.1 Conclusions
Myofibril assembly in C. elegans can be characterized using fluorescent tags
localized on sarcomeric components necessary for development, and whose proteins
function similar to vertebrates. After observing the data, dense body proteins assemble
before the functional protein myosin. Previous studies that observed sarcomere assembly
are consistent with this dataset as well. Dense body and myosin proteins express early
into embryogenesis, however, determining when expression occurred during
embryogenesis was not precise in prepped slides. The diSPIM allowed me to observe a
3D time course series to study the embryogenesis in co-expressed animals, and compare
when protein expression occurred.
The data collected suggests Pat-3 (dense body) expression occurs ~ 390 minutes
into embryogenesis, and Pat-2 (dense body) expression expresses ~310 minutes into
development. In MyoB and MyoA worms, the myosin proteins co-expressed during the
early stage of embryogenesis, right before the comma stage at ~390 minutes but as the
worm continued through development, homozygous embryos would paralyze during 2fold or 2.5 fold stages. Results explain structural proteins assemble before the functional
proteins like unc-54 and myo3 (thick filaments). This is important because the timing of
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expression of individual components of the sarcomere have never been accurately
determined, only relative order was known based on prepped slides.
The next step of this project was to determine if fluorescent tags interfered with
muscle structure, function, and egg laying in adults. All combinations except myosintagged strains, had normal myofibril structure. To determine the structural defects for the
myosin-tagged strains, I compared confocal images of homozygous GFP-myoB animals
with the heterozygous type. I found that thick filaments do assemble with GFP expression
occurring in both heterozygous and homozygous animals, but myofibrils were disrupted
in homozygous animals. To check the accuracy of what I observed in homozygous
embryos, egg viability assays were used to compare egg laying and hatching rates.
The egg laying results explain that homozygous GFP-MyoB worms lower have
severe egg laying ability and hatching ability. This would concur with my earlier
observations with the diSPIM data be sufficient that two copies of the GFP allele
interfere with development. To tell how this interference occurs late into embryogenesis,
I used confocal images to observe thick filaments in myosin strains and compare their
structures. The heterozygous GFP-MyoB had normal myofibril structures, and
homozygous strain had disrupted structures (Figure 12). However, myofibrils in
homozygous MyoB animals did assemble, and expression is observed, but myofibrils
appear disorganized. This would indicate the fluorescent tag do not affect assembly of
sarcomere proteins, but can indirectly interfere with the organization of certain proteins
during development, but for functional proteins and on a very minor level. The data
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would also explain that fluorescent tags are not a dominant-negative phenotype for
structural proteins such as myosin.

4.2 Discussion

Imaging embryos using a spinning disk confocal microscope could be used to
image embryo development in C. elegans, but would not be an ideal system due to
photobleaching and lack of rotational movement. The diSPIM was an excellent system to
determine real time assembly of myofibrils and discriminate co-expressed strains to
determine GFP and mCh without photobleaching organisms. This was due to a shorter
exposure time that couldn’t be enabled on the confocal, and the ability to acquire images
and remain in focus when rotating for a time course. With this technique, the diSPIM
data explains dense body proteins assemble before myosin proteins, this would confirm
sarcomeres need dense bodies to not only separate individual units, but to begin the
organization of other sarcomeric components during assembly. Previous studies that
observed protein expression in developing C. elegans only observed which proteins were
activated during embryogenesis, but the data gives a time range of when protein
expression for muscle assembly begins (Moerson, 2006).
These findings are important because sarcomeric proteins do not assemble in
unison to form the sarcomere, instead the organization is determinant on each other
during different stages of assembly. The findings have determined that borders for
sarcomeres must develop in the first step of assembly. This could be because if other
functional proteins such as actin or myosin assemble in the first step, they could misalign
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during development. Having dense bodies assemble before them, allows for normal
alignment. This would also suggest that if protein assemble in the sarcomere has steps, it
could mean disruption of one step could interrupt assemble or function of other proteins
during development.
Assembly in myosin-tagged strains displayed paralyzation in almost half the
embryos, this could indicate that organization of myosin proteins is disrupted, but the
magnitude of disruption varied among individual embryos. This would also suggest that
the negative effects could interfere with other protein function that hasn’t been tagged. In
invertebrates, they have the protein Paramyosin that acts as a regulator for thick filament
length (Mackenzie and Epstein, 1980). If MyoB is disrupted, it may lead paramyosin to
change lengths but requires further study.
For now, we can use the data as a guide to help identify muscle defects. We know
that sarcomere proteins assemble in steps, if any step is disturbed during organization this
could lead to unwanted mutations. This finding applies heavily to humans and could be
used to identify congenital diseases early on. The next step of this finding would be to
use gene-editing tools to repair the gene, if the proteins assemble normal, then the disease
is prevented.
Another result from my project was to determine the effects in headless myosin
worms, and observe any reduction in function. However, even with 25% reduction of
myosin heads in MyoA animals, function and egg laying was normal. In other model
organisms that studied assembly and function of thick filaments with the absence of
myosin heads, this isn’t the case, with their function being abnormal.
Headless myosin proteins were studied in the fruit fly Drosophila melanogaster,
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and concluded that the organism requires myosin heads for normal wing production
(Cripps et al, 1999). In this experiment, they deleted the entire MyoA protein, but in C.
elegans, we deleted just 25% of the myosin heads. Observing that function could be
normal with 25% of the protein deleted, implies that the sarcomere could be partially
damaged, but have enough myosin heads to function normally. How this change effects
myofibril length is unknown but could be studied to determine if changes in length
compensate the muscle during contraction.
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